As part of the BeSSeL Survey, we report trigonometric parallaxes and proper motions of molecular maser sources associated with 13 distant high mass star forming regions in the Sagittarius spiral arm of the Milky Way. In particular, we obtain improved parallax distance estimates for three well studied regions: 1.9
Introduction
Trigonometric parallaxes for molecular masers associated with high mass star forming regions (HMSFRs) from the Bar and Spiral Structure Legacy (BeSSeL) Survey and the VLBI Exploration of Radio Astrometry (VERA) project are accurately tracing the spiral structure of the Milky Way. As of 2015, over 100 parallaxes had been published Honma et al. 2015) . These contained 18 parallaxes for sources in the Sagittarius spiral arm, most of which were located closer to the Sun than the arm's tangent point at l ≈49
• and a distance of ≈ 5 kpc . Beyond the tangent point, only four parallax measurements had been made, and those tended to have large uncertainties (>1 kpc). With the aim of better constraining the structure of the "far" side of the Sagittarius arm (Sgr Far, i.e., beyond the tangent point), we measured parallaxes of 13 additional maser sources. In Section 2 we describe the observations and data analysis. Parallaxes and proper motions are presented in Section 3. We discuss how sources were assigned to the Sgr Far arm in Section 4. The geometry and kinematics of the arm are discussed in Section 5
and 6, and we summarize our conclusions in Section 7.
Observations and Data Analysis
Between 2012 and 2015, we conducted parallax observations of eleven 6.7-GHz methanol and two 22-GHz water masers in the Sag Far arm segment using the National Radio Astronomy Observatory's 1 Very Long Baseline Array (VLBA). Generally, three masers nearby on the sky were observed within the same seven-hour track. The dates of the observations are listed in Table A .1, and coordinates of masers and background quasars are
1 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.
presented in Table A .2.
The observations used the same equipment setup and calibration procedures described by Xu et al. (2016) . The data were correlated with the DiFX 2 software correlator (Deller et al. 2007) Generally, the channel with the strongest maser emission was selected as the interferometer phase reference used to calibrate both the maser and background quasar data. For G041.15−00.20 and G041.22−00.19, whose background quasars (J1907+0907, J1919+0619) were strong enough to fringe-fit delays with precision better than 100 ps, we performed an additional calibration to remove residual (assumed dispersive) delays before phase referencing. After calibration, images of continuum emission of the quasars and cubes of maser-line emission were produced with AIPS task IMAGR. The task JMFIT was used to fit two-dimensional Gaussian brightness distributions to compact emission peaks, yielding positions of maser spots and background quasars.
2 DiFX, a software correlator for VLBI, is developed as part of the Australian Major National Research Facilities Programme by the Swinburne University of Technology and operated under licence.
Parallax Estimation
For 22-GHz water masers, fitting parallax and proper motion of the masers (relative to background quasars) is straightforward and has been discussed in detail in Reid et al. (2009a) . However, at the lower observing frequency of the 6.7 GHz methanol masers, the effects of unmodeled ionospheric "wedges" above individual antennas can result in systematic position shifts across the sky (relative to different quasars), complicating the parallax estimation. Reid et al. (2017) discuss this problem in detail and present a strategy to minimize the effects on parallax estimates. This involves a two-step method of, first, using the relative position data for multiple quasars to generate an "artificial quasar" at the location of the target maser and, second, fitting parallax and proper motion parameters to the artificial quasar data. While this technique improves parallax accuracy, compared to averaging parallax results for each quasar, with our typical 4-epoch data it yielded poor estimates of the parallax uncertainty.
Since the publication of Reid et al. (2017) , we developed a better approach that preserves the accuracy of the artificial quasar method, while improving the uncertainty estimates. In a single step, we modeled the positional data of a maser spot relative to multiple quasars at epoch t as the sum of the maser's parallax and proper motion and a planar "tilt," owing to ionospheric wedges, of the quasar positions about the maser position:
In Eq. 1, Π x (t) is the x-component of the parallax shift; ∆θ is the x-position shift owing to an ionospheric wedge in the y-direction times the y-component of the separation between the maser and QSO q at epoch t. The offset of one maser spot was set to zero and held constant, since one cannot solve for all ∆θ x terms with relative position information. There is an analogous equation that holds for the y-coordinate.
We used a Markov chain Monte Carlo approach to generate probability distribution functions for all parameters, varying all parameters simultaneously, and then fitted the marginalized distribution functions to obtain the parallaxes and proper motion values given in Figure A .2); and G045.45+00.06, G045.07+00.13 and G045.49+00.12 may be associated with the HII region GAL 045.5+00.0 (see Figure A. 3). By combining parallax measurements of the associated sources, we can improve the distance estimates to the larger star forming regions, yielding averaged parallaxes of 0.524±0.024 mas for M17, 0.189±0.037 mas for W51, and 0.126±0.013 mas for GAL 045.5+00.0.
Assigning Sources to Arm Segments
In Figure 2 , we show the locations of HMSFRs with measured parallaxes superposed on a CO longitude-LSR velocity (l-v) plot. The assignment of a maser source to a specific spiral arm or arm segment can usually be done via such a plot, by comparing the Galactic coordinates and LSR velocity of the source with continuous traces of CO (or HI) emission previously associated with an arm. However, (l-v) information alone does not always allow a definitive assignment. Even for sources with direct parallax distances, the distance uncertainty does not always guarantee a spiral arm segment assignment. Instead, distance can best be assigned on a probabilistic basis, and when doing this it is important that all possible information is utilized.
For the BeSSeL Survey, we evaluate arm segment assignment using our Bayesian distance estimator , which considers all distance-related information, including a new feature which incorporates a proper motion "kinematic-distance" probability density function (PDF; Reid et al., in preparation) . For example, consider G032.74−00.07, a water maser at v = 37 km s −1 , which in (l, v) space lies between the Sgr Near and Sgr Far arm segments 3 (as seen in Figure 2 ). The distance PDF for this source is shown in Figure 3 . As expected, the probabilities of matching a spiral arm segment, Prob SA , This is a very interesting region, with sources projected close to the W44 SNR. It is possible that the precursor O-star's wind may have accelerated gas that has now formed the stars we observe (Reid & Ho 1985) . If so, this might explain anomalous velocities which can confuse (l, v) locations. For sources in this region, we rely mostly on parallaxes to assign to an arm segment.
Geometry of the Sagittarius arm

Galactic Locations of HMSFRs
In Figure 4 , we show locations of all HMSFRs associated with the Sgr arm with measured parallaxes superposed on a plan view of the Galaxy. There now are 18 HMSFRs located beyond the tangent point of the Sgr arm: 13 sources reported in this paper, 4
reported by Wu et al. (2014) , and 1 reported by Nagayama et al. (2015) . The locations of all sources are consistent with the Reid et al. (2016) model for the Sagittarius arm.
We note that 16 of 18 sources in the far portion of the Sagittarius arm are below the IAU-defined Galactic plane. In order to investigate this asymmetry, we looked at the Galactic distribution of all the 6.7-GHz masers thought to be in this section of the arm based on their location in the l-v plane. We assigned sources to the far arm section if their longitudes were within the range 32 • < l < 50
• and their velocities were within the range 50 < V LSR < 70 km s −1 . Searching the Methanol Multi-Beam Survey maser catalog of Breen et al. (2015) , we identified 42 6.7-GHz masers in the far portion of the arm; they are shown as red circles in Figure 5 .
In the two panels of Figure 6 we show the histograms of Galactic latitude, b, and the vertical distances, z, of these masers from the IAU Galactic plane. For sources without maser parallaxes, we used distances calculated with the Bayesian distance estimator of Reid et al. (2016) . Figure 6 suggests a systematic z-offset for the Sgr Far arm section. The number of sources below/above the Galactic mid-plane are 28/14 respectively; the mean vertical distances with respect to the mid-plane, < z >, of these 6.7-GHz methanol masers is −15 pc.
Pitch Angle of the Sagittarius Arm
A spiral arm pitch angle, ψ, can be defined as the angle between an arm segment and a tangent to a Galactocentric circle. For a log-periodic spiral, ln(R) = With parallaxes for 30 high mass star forming regions, we estimate a global pitch angle of 7.
• 2 ± 1.
• 9, which is consistent with our previous estimate of (7.
• 1 ± 1.
• 5) ).
The increase in uncertainty between the previous and current estimates suggests that the pitch angle may not be constant over the larger range of azimuth that we now have sampled.
Such effects are seen in other spiral galaxies (Honig & Reid 2015) . If we divide the arm into two sections, we estimate pitch angles of 5.
• 4 ± 3.
• 3 and 9.
• 9 for the far and near portions of the Sgr arm, respectively, as shown in Figure 7 . For comparison, pitch angles of spiral arms in the Milky Way, determined by maser parallaxes range from 7
• to 20 • , with the Sagittarius arm having the smallest pitch angle ).
Kinematics of the Sagittarius arm
We now investigate the 3-dimensional motions of HMSFRs in the Sgr arm. We follow the methodology given in the Appendix of Reid et al. (2009b) to calculate peculiar motion:
where U s is toward the Galactic center, V s is in the direction of Galactic rotation, and W s is toward the North Galactic Pole. We adopt the "Universal" form for the rotation curve of Persic et al. (1996) , with a circular rotation speed at the Sun of Θ 0 =241 km s −1 , R 0 =8.31 kpc, and Solar Motion components of (U , V , W ) = (10.5, 14.4, 8.9) km s −1 (see the "Univ" model in Table 5 of Reid et al. (2014) ).
In Table 2 (2.0 ± 1.4, 7.1 ± 1.5, −1.1 ± 1.5) km s −1 and (2.6 ± 1.1, 4.5 ± 1.3, −0.7 ± 1.1) km s −1 , repectively.
Conclusions
We have measured trigonometric parallaxes and proper motions for 13 HMSFRs, which are located on the far side (past the tangent point) of the Sagittarius arm. Together with 5 published maser parallaxes, we studied the location, shape and kinematics of the far portion of the Sgr arm. We find that the 6.7-GHz masers in this arm section are on average 15 pc below the IAU-defined Galactic mid-plane. The average pitch angle of the Sgr arm, now measured over ≈ 10 kpc is 7.
• 9, but there is evidence that the pitch angle may not be constant along the arm. Peculiar motions for all but one source are less than 20 km s −1 , but the there is a small average motion toward the Galactic center and in the direction of Galactic rotation. Symbols are the same as in Figure 4 . The black solid line denotes a pitch angle of 7.
• 2, fitted with all points; the red and blue dashed lines denote pitch angles of 5.
• 4 and 9.
• 4 fitted to the Sgr Far and Near arm segments, respectively. G351.44+00.65 Near + 0.3 ± 3.1 + 6.4 ± 5.2 − 0.7 ± 4.6 G011.49−01.48 Near − 0.8 ± 3.0 +14.5 ± 3.6 − 0.1 ± 3.3 G014.33−00.64 Near +11.1 ± 5.4 + 8.0 ± 7.2 − 1.7 ± 8.0
G014.63−00.57 Near + 2.1 ± 5.9 + 1.9 ± 10.0 − 1.3 ± 10.4
G015.03−00.67 Near + 0.3 ± 3.5 + 8.9 ± 4.9 − 3.2 ± 5.1 G034.39+00.22 Near +22.6 ± 10.2 +23.9 ± 11.0 + 5.7 ± 9.6 G035.02+00.34 Near +11.3 ± 8.8 + 9.0 ± 8. G043.89−00.78 Far −11.6 ± 8.7 −17.3 ± 5.9 +17.7 ± 5.9
G045.07+00.13 Far + 7.5 ± 9.7 + 2.6 ± 7.3 + 9.4 ± 9.6 G045.45+00. 
